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Differential absorption spectroscopy of charge distributions in double-barrier tunnel structures
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Differential absorption spectroscopy is used to determine the charge density in In,Ga;-xAs/
In, Al -xAs double-barrier tunneling structures. We show the formation of accumulation and de-
pletion regions on either side of the double barrier, and measure with an absolute calibration the
accumulated charge in the 45-A quantum-well region of the structures. Peak charge densities
~5.4%10'° cm~2 and =3.9%10'° cm ~2? are measured for barrier thicknesses of 70 and 56 A,
respectively. The corresponding calculated transit times are 70 and 20 ps.

The phenomenon of tunneling is one of the most funda-
mental predictions of quantum mechanics. Its manifesta-
tions in the a decay of the nucleus and tunneling micros-
copy are probably the most widely known. Epitaxial
crystal-growth techniques have enabled the tailoring of
the potential inside a semiconductor heterostructure to a
few atomic layers. This has set the stage for an active ex-
perimental and theoretical field concerned both with test-
ing the fundamental concepts of tunneling and construct-
ing devices based on such concepts. The double-barrier
diode (DBD) is a device that has generated interest on
both counts. Substantial progress has been made since the
first observation of tunneling in DBD’s,! with remarkable
improvement in the quality of the negative differential
resistance (NDR), demonstration of high-frequency
operation, and the development of sophisticated devices.?
Nevertheless, some of the most basic questions related to
the operating principles remain to be settled. These issues
include the question of tunneling time, the amount of
charge stored in the well, the existence of intrinsic bista-
bility, as well as the characterization of the process as
sequential or coherent.>~7 Differential absorption spec-
troscopy can address all these issues by determining the
amount of charge accumulated in the well during the
operation of the DBD.® This point was recently addressed
in photoluminescence (PL) experiments, wherein PL in-
tensity was correlated with the current through the
diode.® This behavior was interpreted as an indication of
charge storage and values for the electron density and
tunneling times were deduced.

A more direct method, which is better suited for a
quantitative evaluation of electron density in semiconduc-
tor structures, is differential absorption spectroscopy
(DAS). This technique monitors changes in the absorp-
tion spectrum due to the presence of carriers or fields. Its
strength lies in the fact that absorption in semiconductors
reflects intrinsic processes, whose cross section can be
determined experimentally very accurately. Further-
more, it is relatively insensitive to the presence of impuri-
ties, defects, etc. There exists, therefore, an intrinsic cali-
bration to which the measured absorption changes can be
compared, which is not the case with PL. 10 Moreover, the
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spectral resolution of this technique provides information
about electronic states other than the lowest-energy ones,
and in the case of DBD, about the contact layers as well.
In the case of quantum wells (QW), screening is negligi-
ble as compared to the effects of Pauli exclusion,'! and the
occupation of electron or hole states produce bleaching of
the absorption that is well understood '> and quantified. '
Recently, DAS has been shown to be a very sensitive and
quantitative probe of electron density and field inside the
QW-conducting channel of modulation-doped field-effect
transistors (MOD-FET).'#!5 It has provided detailed in-
formation over a very broad spectral range and about
electronic states at various energies.

In this paper we report the application of DAS to
DBD’s. We determine the charge distribution across the
structure, and get absolute values for the electron density
inside the well. We show that DAS is an excellent tool for
characterization of QW transport devices.

Measurements were performed on two molecular-beam
epitaxy (MBE) grown samples. The general structure is
shown in the inset of Fig. 1. The DBD consists of 56-A
barriers in sample A4 and 70 A in sample B. The well size
is 45 A in both samples. (These values are determined by
TEM measurements on sample B.) The samples were
processed to form mesas of different sizes and were
antireflection coated. The measurements reported in this
paper were done on 150-um? mesas. The diodes show a
profound NDR behavior. The peak-to-valley current ra-
tio at room temperature is about 4, and 20 is seen at 10 K.

For optical measurements the samples were mounted on
sapphire windows on a cold finger of a continuous-flow
helitran and held at a temperature of about 10 K. Light
from a 100-W tungsten bulb was passed through a spec-
trometer and imaged on the sample to form a 100x 100-
pm spot. The incident intensity was very weak and had no
measurable effect on the I-V curve. The voltage on the
device was modulated at 470 Hz between 0 and V ax with
a square wave, and the transmitted light was detected us-
ing conventional lock-in techniques. In Fig. 2 we show
three DAS spectra taken at three values of Vax. The dot-
ted spectrum was taken at low voltage, wherein the diode
is biased but there is a negligible current. The solid spec-
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FIG. 1. (a) Absorption spectrum for a sample consisting of
50 periods of 70 A of Ings;Alo4sAs barriers and 45 A of
Inos3Gao47As quantum well grown in the same conditions as
sample B, normalized to the total Ings3Gao47As thickness. (b)
QW contribution to the differential absorption spectrum of the
DBD for the peak current of sample B. Inset: Sample structure,
shaded region corresponds to Ings;AlossAs, other regions to
Ino.s3Gao47As.

trum corresponds to the peak of the NDR characteristic
at which the current is large. The voltage for the dashed
spectrum is past the peak of the NDR and the current is
low.

Three distinct spectral regions are clearly identified in
Fig. 2. From low to high energies one sees a negative peak
around 0.83 eV, a positive peak around 0.9 eV, and some
narrow features near 0.97 eV. In order to have an unam-
biguous assignment of the origin of these spectral features
we have grown under exactly the same calibrations a 50
period reference multiple QW sample with the same bar-
rier and well widths as in sample B. The measured ab-
sorption spectrum is shown in Fig. 1. We have also mea-
sured the absorption of thick In,Ga;-,As layers. The
narrow DAS features at 0.97 and 1.0 eV correspond to the
heavy-hole (hh) and light-hole (1h) peaks of the QW. The
onset of the negative peak, around 0.8 eV, is at the gap of
the bulk In,Ga, -xAs, E;, and the crossover between the
positive and negative lobes is at about E;+E;, where
E;==55 meV is the Fermi energy in this sample. We
therefore attribute the signals at energies larger than
0.940 eV to the QW of the DBD, and the low-energy ones
to absorption changes in the contact layers.

We shall first discuss the two QW related features,
which lie between 1.01 and 0.95 eV. Their energies agree
well with the position of the hh and lh excitons measured
on the multiple QW sample, as seen in Fig. 1. The energy
of the lower feature also agrees well (within 2 meV) with
the calculated hh-exciton transition. The agreement with
the calculated lh transition for the higher-energy feature
is less satisfactory (16-mV discrepancy). A possible ex-
planation is that because the lh exciton lies in the hh con-
tinuum for this narrow QW, Fano interference effects dis-
tort its shape and shift the position of the peak as com-
pared to the value calculated from simple theory. The lh
signal is =4 times weaker than that of the hh. Since
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FIG. 2. DAS spectra for sample B, at 10 K, for low current
(dotted line), peak current (solid line), and valley current
(dashed line). Inset: Blow up of the heavy-hole signal for vari-
ous currents between the onset of tunneling and the peak of the
NDR (see Table I).

both the hh and the lh signals represent transitions to the
same conduction-band states, this is explained by the
difference in their oscillator strengths. We shall focus in
the following on the hh signal. When V.4 is small the hh
DAS has a small differential-shape profile, characterized
by a positive peak followed by a negative one of approxi-
mately the same size (dotted line of Fig. 2). At higher
voltages, it changes to a positive peak with a maximum of
0.972 eV (solid line). This regime is magnified in the in-
set of Fig. 2. As Vpnax increases beyond the switching volt-
age the line shape changes abruptly to a strong differential
signal (dashed line).

There is a clear difference between a voltage related
DAS and a charge related one. A voltage drop on a QW
causes a shift of the excitonic absorption edge due to the
quantum confined Stark effect'® and therefore yields a
differential shaped DAS. Charge accumulation (or de-
pletion) on the other hand yields a positive (or negative)
transmission change AT because of the inhibition (or al-
lowance) of optical transitions due to the Pauli exclusion
principle!> (phase-space filling and exchange interac-
tion'?). We can therefore conclude that the signals at low
and high voltages represent the large electric-field drop in
the well (= 1.4x10° V/cm when the diode is biased just
above the switching point) with no charge accumulation.
At the intermediate voltages, the signals of both the hh
and the lh excitons are positive and therefore represent
charge accumulation in the well. The abrupt change of
the DAS line shape as V' ax crosses Vpeak demonstrates the
sudden decrease of the charge in the QW. In the high-
voltage regime, however, the signal coming from the con-
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TABLE I. Summary of results for the two samples.

Sample B Sample 4
J (A/cm?) AT/To N (10" cm™?) J (A/cm?) AT/ To N (10 cm™?)
23 2.7x10 ™4 0.8 102 3.6x10~* 1.1
43 6.2x107* 1.8 191 9.4x10~* 2.8
65 1.2x1073 3.6 280 1.3x1073 3.9
86 1.6x1073 4.8 321 1.3x1073 3.9
121 1.8%x1073 5.4

tact layers extends to higher energies and interferes with
the QW signal. This regime requires a careful analysis
and will be discussed in a forthcoming publication. Ex-
periments performed with sample B (thicker barriers)
give results that are qualitatively very similar to those ob-
tained on sample 4. The only qualitative difference is that
the hh and lh peaks are larger in B. This implies that the
charge stored in the well with the thicker barrier is larger.

To evaluate the electron density N in the QW we use
the analysis developed to explain QW absorption satura-
tion experiments'>!? and already applied successfully to
MOD-FET’s.'*!5 As electrons populate the first reso-
nance level their presence inhibits exciton formation by
blocking states from participating in the wave function,
and also by Coulomb effects (screening), which in quan-
tum wells is mainly due to the exchange interaction.!* In
the limit of low density the change Af of the exciton oscil-
lator strength f is Af/f =N/N,, where N; is the exciton
saturation density, a saturation parameter that is related
to the square of the two-dimensional Bohr radius.'® Since
Af/f=Aa/a we can relate N to Aa. It is clear that an ex-
act determination of Ny is critical to obtain an accurate
value for N. We therefore performed a careful low-
temperature (10 K) measurement of this parameter on
the QW reference sample. We measured, with a pump-
probe technique, both the relaxation time and the satura-
tion intensity, which were used to determine the number
of carriers deposited in the sample, N. Obtaining the ab-
sorption bleaching Aa with a AT/T measurement, and
knowing a (Fig. 1), we use Aa/a=N/N, to obtain
N;=2.7%10!" cm ~2 This value is in reasonable agree-
ment with both the low-temperature theoretical value for
In,Ga;-xAs QW’s (Ref. 13) of N, =1.5%x10'! cm 72,
and with the room-temperature data'” of N, =1.5x10"!
cm ~2, Using our measured value for N; and the mea-
sured absorption for the hh exciton peak we deduce the
charge in the QW for the various current densities shown
in Table I. The small relative change in the absorption
caused by the stored charge is shown in Fig. 1, where it is
superimposed on the reference sample absorption spec-
trum. The reason for the low charge storage is that in a
symmetric structure under bias the rate for tunneling out
of the well is much larger than the rate for tunneling in. '®
It can therefore be expected that larger charge accumula-
tion would exist in asymmetric structures.

From the measured current and charge densities one
can deduce a transit time through the double-barrier
structure given by 7=Ne/J. In the case of peak charge
accumulation we get 7=72 ps for sample B and 7 =20 ps

for sample 4. Experimental uncertainty as to the precise
value of J to use for a given value of N can account for
some nonmonotonic variation in t for other entries in
Table I, since J is obtained from a separately measured
I-V curve. There may also be bias dependence to the tran-
sit time that is masked by this uncertainty. In the
coherent model this transit time is related to the width of
the transmission resonance by 7= h/AE. The correspond-
ing calculated values for A/AE in a biased structure de-
pend strongly on the shape of the potential, particularly
the conduction-band offset AE. and the details of the
model used. For example, using a transfer-matrix ap-
proach,'® we obtain 50 ps < 7 < 140 ps for sample B and
8 ps < 7 < 20 ps for sample 4 when 0.41 eV < AE, <0.49
eV. The transit times deduced from the charge measure-
ments are therefore in qualitative agreement with the
coherent tunneling model.

Let us consider now the signal which originates from
the contact layers. Figures 3(a) and 3(b) illustrate the po-
tential diagrams versus the coordinate perpendicular to
the DBD, x, for ¥=0 and V =V .x. Under bias an accu-
mulation layer forms on the left-hand side of the double
barrier, while depletion occurs on the other side. The
difference between the quasi Fermi level and the bottom
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FIG. 3. Schematic explanation of the origin of the DAS sig-
nals in the accumulation and depletion layers: (a) and (b) band
diagrams without and with bias, respectively, (c) and (d) ab-
sorption profile in the accumulation and depletion layers, respec-
tively, and (e) schematic of the DAS.



RAPID COMMUNICATIONS

41 DIFFERENTIAL ABSORPTION SPECTROSCOPY OF CHARGE. .. 3267

of the conduction band A(x) =Er —E.(x) is thus a func-
tion of x. The signal measured in a DAS experiment is

% -fdx{exp[a(x,V"O) —a(x,V=Vml -1},

)]

where a(x,V=0) and a(x,V =V .) are the absorption
coefficients at x with zero and applied bias. The absorp-
tion profile of the undoped bulk material a(x,V=0),
which is schematically shown by the short-dashed line in
Figs. 3(c) and 3(d), starts at E;. At zero bias, the optical
absorption in the clading layers can only occur for photon
energy > E,+Ey, and its profile is shown by the long-
dashed line in Figs. 3(c) and 3(d). In the accumulation
region, the quasi Fermi level is effectively pushed higher
into the band. The sample is thus slightly more transpar-
ent at energies between E; +E; and E;+A(x). The edge
of the integrated absorption on the left-hand side of the
double barrier, which is shown by the solid line in Fig.
3(c), is moved to higher energies. The difference between
the absorption spectra for ¥ =0 and V=V, yields a pos-
itive DAS signal just above E,+E as illustrated in Fig.
3(e). Conversely, in the depletion region, absorption on-
sets at E,, and the sample is slightly more opaque at ener-
gies between E; and E;+E;. The integrated absorption
in this layer is shown by the solid line in Fig. 3(d). The
difference of the absorption spectra in the depletion layer

gives a negative DAS-signal just below E;+E, and ex-
tends to E;. With this explanation, we understand both
the sign and the position of these peaks. We note that Fig.
3(e) shows a rather symmetric line shape whereas we ob-
serve a much larger signal coming from the depletion lay-
er. The strength of the DAS signal is primarily related to
the extent of a certain sheet density. This asymmetry
might indicate that the accumulation layer is narrower
than the depletion layer. This is a subject for further in-
vestigation.

In summary, we have reported the first application of
the DAS technique to DBD’s. Our results directly show
the accumulation of charge in the QW for biases less than
the peak of the NDR. A maximum charge density of
5.4%10'% cm ~? is estimated. This low density has a
negligible effect on the potential profile across the DBD.
Larger densities are expected in asymmetric structures.
The DAS also unambiguously determines the presence of
depletion and accumulation layers, whose width and
charge distribution can be determined.?® Transit time es-
timates obtained from our charge measurements and the
I(V) curves of the two devices yield 70 and 20 ps.
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